INTRODUCTION
The post-translational modification of cellular proteins with a 15-carbon farnesyl or a 20-carbon geranylgeranyl lipid (a process generally called protein prenylation) renders proteins more hydrophobic, facilitating interactions with membrane surfaces (1, 2) . Many but not all prenylated proteins contain a C-terminal CaaX motif (C, cysteine; a, an aliphatic amino acid; X, can be one of many residues) (2) . The CaaX motif triggers the enzymatic addition of a farnesyl or geranylgeranyl lipid to the thiol group of the C-terminal cysteine. When the 'X' is a leucine or a phenylalanine, the protein is geranylgeranylated by protein geranylgeranyltransferase type I (GGTase-I); otherwise, it is farnesylated by protein farnesyltransferase (FTase) (2) . The two protein prenyltransferases share a common a-subunit, but have unique b-subunits that dictate substrate specificities (2) . After protein prenylation, the last three amino acids of the protein (i.e. the aaX) are released by RAS-converting enzyme 1 (3) (4) (5) , and the newly exposed isoprenylcysteine is methylated by isoprenylcysteine † The authors wish it to be known that, in their opinion, the first two authors should be regarded as joint First Authors. carboxyl methyltransferase (6, 7) . Methylation further increases the hydrophobicity of the C-terminus of the protein (7, 8) .
The protein prenyltransferases have attracted interest because the RAS oncogenes are farnesylated CaaX proteins (9, 10) and because the cancer-promoting activity of RAS proteins is inhibited when protein prenylation is absent (11) . Several pharmaceutical companies have developed inhibitors of the protein prenyltransferases, with most of the effort devoted to inhibitors of protein farnesyltransferases (FTIs) (12 -15) . FTIs showed promise in preclinical models of cancer (16) and appear to be somewhat efficacious in the treatment of certain leukemias in humans (17) . More recently, FTIs have been proposed as a possible therapy for HutchinsonGilford progeria syndrome, a disease caused by the accumulation of a farnesylated version of prelamin A (18 -20) . FTIs improve the hallmark nuclear shape abnormalities in fibroblasts harboring progeria mutations (21, 22) and unequivocally ameliorate disease phenotypes in mouse models of progeria (23 -26) . FTIs are now being tested in children with progeria (19, 20, 27) .
Most of the work on prenyltransferase inhibitors has focussed on blocking the activity of RAS proteins (28 -30) , and most of the research was performed in the early 1990s before a complete tally of CaaX proteins was known. We now know that there are more than 100 protein substrates for FTase and GGTase-I (31, 32) . Unfortunately, the in vivo consequences of inhibiting the prenylation of so many proteins are unknown. One might have imagined that this issue would have already been examined with knockout mouse models, but much of the research on the protein prenyltransferases preceded widespread use of mouse models.
To date, there has been only a single study on the consequences of FTase deficiency in mammals. Several years ago, Mijimolle et al. (33) developed a conditional knockout allele for Fntb. When their Fntb allele was inactivated post-natally by inducing expression of a ubiquitously expressed Cre transgene, few if any pathological consequences were observed, leading the authors to conclude that FTase was dispensable. The apparent dispensability of FTase for adult tissues has raised the possibility that the therapeutic inhibition of FTase might be entirely safe (18) . However, the finding that FTase was entirely dispensable in mammals (33) was actually quite surprising, particularly since FTase had been shown to be crucial for the growth and vitality of yeast and plants (34, 35) . Other findings in Mijimolle's study (33) were also quite unexpected, for example, the observation that HRAS remained associated with cell membranes in the absence of FTase. Other studies have shown that the association of HRAS with membranes is utterly dependent on protein farnesylation (36 -39) . Recently, Yang et al. (40) uncovered a possible explanation for Mijimolle's unexpected findings; they identified an unexpected and previously unrecognized mRNA splicing event in their conditional knockout alleleone that conceivably could yield an enzyme with residual activity. The findings by Yang et al. (40) suggested that a re-evaluation of the functional importance of FTase might be needed.
Information is also limited on the in vivo importance of GGTase-I in mammalian tissues. Genetic studies by Sjogren et al. (41) demonstrated that GGTase-I deficiency interferes with the growth of tumors in mice, but the consequences of GGTase-I deficiency for normal tissues have never been explored.
In the current study, we took advantage of newly developed conditional knockout alleles for Fntb (Liu et al., submitted for publication) and Pggt1b (41) and defined the importance of these enzymes in skin keratinocytes. We chose to examine epidermal keratinocytes because it is possible to obtain high levels of recombination in those cells with the keratin 14-Cre transgene. Furthermore, keratinocytes maintain a delicate balance between proliferation and differentiation, and they produce adnexal structures such as hair-all processes that require complex developmental programs (42) . Because prenylated proteins play roles in cell growth, cell -cell interactions and regulation of cell shape (1,2), we suspected that one or both of the protein prenyltransferases might be crucial for homeostasis of skin. Indeed, our genetic studies in mice demonstrated that both enzymes are vital for skin keratinocytes.
RESULTS
We used an Fntb conditional knockout allele, Fntb fl (M. Liu et al., submitted for publication; Fig. 1A (Fig. 1C) .
The absence of FTase was accompanied by reduced farnesylation of keratinocyte proteins. Western blots of Fntb D/D keratinocyte extracts with a DNAJA1-specific antibody revealed that the majority of the DNAJA1 was nonfarnesylated ( Fig. 1D and E) . Also, Fntb D/D keratinocytes exhibited a striking accumulation of prelamin A. A prelamin A band was obvious on western blots with antibodies against prelamin A or mature lamin A (top and middle panels, respectively, of Fig. 1F ). In western blots with the lamin A antibody, the mature lamin A band was detectable, but was less intense than the prelamin A band. The prelamin A in Fntb D/D keratinocytes did not appear to be farnesylated, as judged by its retarded electrophoretic mobility (Fig. 1G) . The prelamin A in Fntb D/D keratinocytes co-migrated with the non-farnesylated prelamin A in FTI-treated wild-type cells, and the prelamin A in Fntb D/D keratinocytes migrated slightly more slowly than the farnesyl-prelamin A in Zmpste24 2/2 keratinocytes (ZMPSTE24 is the enzyme required for the conversion of farnesyl-prelamin A to mature lamin A) (Fig. 1G ). As expected, HRAS was found in the S100 (cytosolic) fraction in Fntb D/D keratinocytes, but was located in the P100 (membrane) fraction of wild-type cells (Fig. 1H) .
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We suspected that we might be able to observe an accumulation of prelamin A in the skin of Fntb D/D mice by immunohistochemistry. In early immunohistochemistry experiments with a prelamin A antibody developed by Fong et al. (43) and several commercial antibodies, we were disappointed by a high level of background staining. For that reason, rats were immunized with a peptide corresponding to the last 18 amino acids of mouse prelamin A. A rat with a strong immune response was used to develop a prelamin A-specific monoclonal antibody (antibody 7G11). Antibody 7G11 bound avidly to the non-farnesylated prelamin A in FTItreated fibroblasts, but did not bind to lamin A or lamin C ( Fig. 2A and B) . In immunohistochemistry studies, prelamin A staining with antibody 7G11 was undetectable in wild-type skin keratinocytes (Fig. 2C) , but was intense in keratinocytes from Fntb D/D mice (Fig. 2D ). As expected, prelamin A in Fntb D/D skin was confined to keratinocytes expressing K14 and was undetectable in the dermal fibroblasts (Fig. 2D) . Prelamin A was undetectable in the skin keratinocytes of mice lacking GGTase-I (Pggt1b D/D ) (Fig. 2E ), but was found in the skin keratinocytes of mice lacking both FTase and GGTase-I (Fntb (Fig. 2F ). As expected, 
Pggt1b
D/D keratinocytes was located at the nuclear rim ( Fig. 2G -J) .
Fntb
mice could be distinguished from littermates on post-natal day 6 (P6) by alopecia (hair normally becomes visible at P6 when the hair shafts emerge from follicles) (Fig. 3A) . The alopecia was virtually complete and persisted throughout life (Fig. 3A) . Fntb mice contained hair shafts, but most of the hair shafts were dysmorphic and improperly angled and few penetrated the surface of the skin (Fig. 3B ). The hair follicles appeared normal at embryonic day 17.5 (E17.5), but stunting of hair follicles was easily apparent at all post-natal time points (Fig. 4A ).
Hair follicle stem cells express Sox9 and can first be detected during epidermal development by immunohistochemistry with Sox9-specific antibodies (44) . Interestingly, Sox9 staining was normal in Fntb D/D mice, suggesting that Fntb deficiency has little effect on the formation of the stem cell compartment (Fig. 4B ). The matrix, located at the base of the hair follicle, contains proliferating cells that differentiate to form hair shafts. Immunohistochemical staining for the matrix marker CDP (CCAAT displacement protein) was normal in Fntb D/D mice, although the size of the matrix was smaller than that in wild-type mice (Fig. 4C ). Staining for keratin 31, a marker of the hair cortex, was detectable in Fntb D/D mice, but the staining was less intense (Fig. 4D ). Electron microscopy of skin from Fntb D/D mice revealed that all of the appropriate layers of the hair shaft were generated but the hair shafts were smaller and not as straight as those of wildtype mice (Fig. 5A ).
There were no obvious morphological defects in the interfollicular epidermis in Fntb D/D mice, as judged by routine histology (Figs 3B and 4A), and staining for markers of epidermal differentiation did not uncover any abnormalities (Supplementary Material, Fig. S2 ). Also, electron microscopy showed that all layers of the epidermis were intact (Fig. 5B) . The absence of pathology in the interfollicular epidermis, either by light or electron microscopy, led us to predict that skin barrier function in Fntb 
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We examined immunohistochemical markers for cell division and apoptosis in the skin of Fntb D/D and control mice. Staining for the phosphorylated form of histone H3 (phosphoH3), a marker of cell mitosis, appeared to be normal in (Fig. 6A) . Staining for another marker of dividing cells, Ki67, was also normal in Fntb D/D skin (Fig. 6B ). To identify apoptotic cells, skin was stained with an antibody recognizing the cleaved form of caspase 3. Apoptotic cells 
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are normally found in hair follicles only during the catagen phase of the hair cycle, which begins around P15, but apoptosis is normally absent in P1-P8 skin. In Fntb D/D mice, apoptotic cells were detected in the hair follicle at P1 and were even more numerous at P4, P6 and P8 (Fig. 6C) , providing a plausible explanation for the stunted morphology of the hair follicles. To explore this issue further, we examined the hair follicles of Fntb D/D and control mice by electron microscopy. Numerous apoptotic cells were identified in the hair follicle matrix of Fntb D/D mice at P6, whereas none was found in control mice (Fig. 5C) .
Scattered apoptotic cells were also found in the interfollicular epidermis of Fntb D/D mice at P4, P6 and P8 (Fig. 6D) . Why apoptosis was associated with clear-cut pathology in hair but less so in interfollicular epidermis is unknown, but one possibility is that dying cells are replaced more effectively in the interfollicular epidermis. Consistent with this notion, hair follicles had largely disappeared by P120, whereas the interfollicular epidermis appeared to be normal at that time point (Fig. 4A) .
Inactivating Fntb in mouse embryonic fibroblasts abolishes their ability to proliferate (M. Liu et al., submitted for publication). To determine whether Fntb deficiency in keratinocytes causes a similar proliferation abnormality, equal numbers of keratinocytes from P1 Fntb D/D and Fntb þ/D mice were seeded into culture dishes. Fntb þ/D keratinocytes proliferated in a robust fashion, whereas Fntb D/D keratinocyte cultures were sparse and the cells had a flattened morphology (Fig. 7A) . Cell counting confirmed a marked proliferation defect in Fntb D/D keratinocytes ( Fig. 7B and C) . The same experimental approach was used to assess the importance of GGTase-I in stratified epithelium. A conditional knockout allele for Pggt1b, Pggt1b fl (41) and the KCre transgene was used to produce keratinocyte-specific Pggt1b knockout mice (Pggt1b fl/fl KCre þ , designated Pggt1b
D/D
). The Cre-mediated recombination event excised exon 7 from Pggt1b, eliminating the catalytic site of the enzyme and yielding a frameshift (41) . Pggt1b D/D keratinocytes had negligible levels of Pggt1b transcripts, as judged by quantitative PCR (0.8 + 0.2% of those in wild-type mice; n ¼ 2 wild-type and n ¼ 4 Pggt1b D/D keratinocyte preparations). The b-subunit of GGTase-I was undetectable in keratinocytes by western blotting (Fig. 8A) . As expected, non-prenylated RAP1 (a protein that is normally geranylgeranylated) accumulated in Pggt1b D/D keratinocytes (Fig. 8B) . Pggt1b D/D mice survived development and were born at the expected Mendelian ratios, but died within a few hours of birth. At the time that the mice died, they invariably had little milk in their stomach. Histological studies of E19.5 Pggt1b D/D embryos revealed stunted hair follicles, but the interfollicular epidermis appeared normal (Fig. 8C) (Fig. 8D) . and the interfollicular epidermis was slightly thinner compared with skin from mice lacking only Fntb or only Pggt1b (Fig. 9A and B) . Immunohistochemical studies of E17.5 Fntb

Pggt1b
D/D skin revealed more apoptotic cells than in embryos lacking only Fntb or only Pggt1b (Fig. 9C) . D/D mice were stunted, and the mice invariably died soon after birth. The reason for their perinatal demise is uncertain. The keratin 14-Cre transgene is known to induce recombination in the oropharynx, esophagus and stomach (45) , and we initially thought that we might uncover significant pathology in those tissues. However, no pathology was detected. Interestingly, stunted hair growth and unexplained death were also observed when a keratin 14-Cre transgene was used to inactivate Rac1 (a geranylgeranylated GTPase) in keratinocytes (46) ; those investigators suspected that they might identify pathology in the oropharynx or esophagus, but none was found. At this point, we simply do not understand why Pggt1b deficiency in keratinocytes yields a more lethal phenotype than Fntb deficiency.
DISCUSSION
Deficiencies of Fntb or Pggt1b lead to pathology in hair follicles, but minimal abnormalities in the interfollicular epidermis. Similar findings were observed in keratinocyte-specific Rac1 knockout mice (46) . The keratin 14 promoter driving Cre recombinase is equally active in the interfollicular epidermis and hair follicles, so the absence of visible effects in the interfollicular epidermis suggests that the protein substrates of FTase are either less essential in interfollicular epidermis or the apoptotic cells are replaced more efficiently in that location. The sparing of the interfollicular epidermis from significant pathology cannot be ascribed to inefficient gene inactivation. First, we isolated keratinocytes from sheets of skin epidermis, and western blot and qRT-PCR studies on those cells revealed that the knockouts were very efficient. Secondly, nonfarnesylated DNAJA1 accumulated in skin keratinocytes from dispensable. However, they found that Fntb deficiency yielded only a partial blockade of DNAJA1 prenylation and did not block the ability of HRAS to associate with membranes. In our Fntb D/D mice, we found severe alopecia, a near-complete inhibition of DNAJA1 prenylation in keratinocytes, and a striking inability of HRAS to associate with membranes. Also, Mijimolle et al. (33) found that FTase-deficient fibroblasts grew in culture, but in our hands, FTase deficiency eliminated the growth of both fibroblasts and keratinocytes. We do not understand all of the discrepancies between our results and the other study (33) , but it is possible, perhaps even likely, that Mijimolle's knockout was incomplete. Yang et al. (40) analysed Mijimolle's Fntb knockout allele in more detail and showed that their 'knockout allele' yielded a previously unrecognized transcript specifying an in-frame deletion, and it is therefore possible that the transcript yielded an enzyme with residual function. Another possible explanation for Mijimolle's findings was that the level of recombination from their inducible Cre transgene was simply low. In any case, our results show that FTase is not dispensable in mouse tissues.
Our studies revealed that Fntb deficiency interferes with the conversion of prelamin A to mature lamin A, resulting in a striking accumulation of non-farnesylated prelamin A on western blots. Also, by taking advantage of a new rat monoclonal antibody against prelamin A (7G11), we showed an accumulation of prelamin A in the skin keratinocytes of Fntb D/D mice by immunohistochemistry. We did not observe any accumulation of prelamin A in the dermal fibroblasts of Fntb D/D mice, nor did we uncover any accumulation of prelamin A in wild-type mice or Pggt1b D/D mice. It was interesting that most of the prelamin A in Fntb D/D keratinocytes was located at the nuclear rim adjacent to the nuclear membrane rather than in the nucleoplasm. The laboratory of Dr Michael Sinensky had reported that the non-prenylated prelamin A in lovastatin-or FTI-treated fibroblasts is located in the nucleoplasm (47, 48) , suggesting that prenylation is required for targeting of prelamin A to the nuclear rim. In the current studies, we show that, in vivo, an absence of farnesylation does not prevent prelamin A from reaching the nuclear rim, presumably because other targeting mechanisms are operative. We have recently verified, with an independent Human Molecular Genetics, 2010, Vol. 19, No. 8 1613 genetic approach, that non-farnesylated prelamin A is capable of reaching the nuclear rim. We generated knockin mice expressing non-prenylated prelamin A (by eliminating the cysteine of prelamin A's CaaX motif) and showed by immunohistochemistry that the prelamin A in those mice is targeted to the nuclear rim (B.S.J.D., S.G.Y. and L.G.F., unpublished data). The biogenesis of mature lamin A from its precursor, prelamin A, involves a series of four post-translational processing steps, beginning with protein farnesylation (18, 49, 50) . For many years, dogma held that prelamin A is farnesylated and that none of the subsequent processing steps occurs in the absence of protein farnesylation (18, 49, 50) . However, recent studies by Varela et al. (51) have contested this view, arguing that prelamin A might be prenylated efficiently by GGTase-I when FTase is inhibited. They went on to argue that combined FTase and GGTase-I inhibition would be important for the treatment of progeria (a disease caused by the accumulation of a farnesylated form of prelamin A). If prelamin A were truly processed efficiently by GGTase-I in the absence of FTase, one would predict that FTase deficiency would result in the minimal accumulation of prelamin A and fairly normal levels of lamin A biogenesis. Our results would provide little support for these predictions. FTase deficiency in keratinocytes led to a striking accumulation of non-prenylated prelamin A, and western blots of keratinocyte extracts revealed that the amount of prelamin A in cells exceeded that of mature lamin A. Our experiments cannot completely exclude the possibility that some fraction of prelamin A is geranylgeranylated, allowing for small amounts of lamin A biogenesis. However, our studies establish the primacy of FTase in prelamin A processing and argue against the idea that prelamin A processing and lamin A biogenesis proceed efficiently in the absence of FTase.
In summary, we show that both the CaaX protein prenyltransferases, FTase and GGTase-I, are important for the homeostasis of skin keratinocytes. FTase deficiency in keratinocytes leads to severe alopecia and is associated with apoptosis of keratinocytes. The latter findings dispel the notion that FTase is dispensable in adult tissues and argue that farnesylation is crucial in mammals, as it is in yeasts and plants (34, 35) . The finding that FTase is not dispensable in adult mammalian tissues should be of interest to those using FTIs to treat progeria and other human diseases. If FTase were entirely dispensable, as was suggested earlier (33), one might have reasonably expected that FTase inhibition would be safe. However, in view of the current genetic studies, clinicians testing FTIs in humans (27) should be attuned to the possibility that inhibiting FTase could lead to adverse side effects in normal tissues. 
MATERIALS AND METHODS
Genetically modified mice
Isolation and culture of mouse epidermal keratinocytes
Mouse epidermal keratinocytes were isolated from mouse skin on post-natal day 1 or 4 (P1 or P4) (53) . Keratinocytes were counted with a Coulter counter, and equal numbers of cells were seeded into each well of a six-well tissue culture plate (Becton-Dickinson) along with mitotically inactivated 3T3 fibroblasts. Keratinocytes were cultured in Williams E medium with 0.15 mM Ca 2þ in 5% CO 2 at 378C (53) . Each experiment with cultured keratinocytes was performed at least three times with keratinocytes prepared on different days. Images of keratinocytes were recorded on a Zeiss Axiovert 200 MOT inverted microscope with an Axiocam MR camera.
Epidermal barrier assay
The integrity of the mouse epidermis was assessed by established methods (54) . Briefly, mouse pups at different stages of development (from E15.5 to E19.5) were collected, washed in phosphate-buffered saline (PBS) and placed in a phosphate buffer containing 2.45 mM X-gal (bromo-chloroindolyl-galactopyranoside), pH 4.5. The pups were incubated in the X-gal solution with gentle agitation for 3 -4 h at 378C and then overnight at 48C. In the absence of a functional barrier, X-gal enters the skin and is cleaved by endogenous b-galactosidase activity, resulting in blue skin.
Extraction of RNA, cDNA synthesis and RT -PCR RNA isolation and cDNA synthesis were performed as described (55 
Western blotting
Total cell extracts or subcellular fractions (4) from keratinocytes or tissues were size-fractionated on NuPAGE 4 -12% 
Histology and immunohistochemistry
For histological analysis, mouse tissues were fixed in 4% paraformaldehyde (PFA), embedded in paraffin, sectioned and stained with hematoxylin and eosin. For immunohistochemistry studies, mouse tissues were placed into optimum cutting temperature compound (Sakura), frozen on dry ice and sectioned with a cryostat (Microm or Leica). Slides were fixed in 4% formalin for 10 min, washed with PBS containing 0.1% Triton X-100 (PBS-T), incubated in blocking buffer (PBS containing 10% donkey or goat serum, 0.2% bovine serum albumin, 1 mM CaCl 2 and 1 mM MgCl 2 ) for 1 h, washed twice with PBS-T, incubated overnight with primary antibody diluted in blocking buffer containing 0.1% Triton X-100 and washed twice with PBS-T. Secondary antibodies were incubated in a similar manner for 0.5-1 h, and the slides were again washed with PBS-T. The slides were fixed with 4% PFA for 5 min and mounted with Vectashield with DAPI (Invitrogen). The following antibodies were used for the immunohistochemical studies: Keratin 14 (rabbit, 1:800, Covance), Integrin a6 (rat, 1:750, BD Pharmingen), Keratin 31 (guinea pig, 1:200, Covance), Keratin 10 (rabbit, 1:200, Covance), Loricrin (rabbit, 1:800, Covance), Sox9 (rabbit, 1:500, Chemicon), CDP (rabbit, 1:100, Santa Cruz Biotechnology), Ki67 (rabbit, 1:300, Novacastra), Phospho-Histone H3 (rat, 1:1100, Sigma) and Cleaved Caspase 3 (rabbit, 1:200, Cell Signaling Technology). Images were obtained on a Zeiss microscope with an Axiocam MR camera or an Olympus light microscope with a digital camera (Olympus). Image processing and analysis were performed with Photoshop CS4 (Adobe).
Development of a rat monoclonal against mouse prelamin A Rats were immunized with a mouse prelamin A peptide corresponding to the C-terminal 18 amino acids of mouse prelamin A. Splenocytes were fused with myeloma cells, and stable hybridomas were selected. A rat monoclonal antibody against prelamin A, clone 7G11, was chosen for further analysis. Culture supernatants were prepared from high-density cultures and used for western blots and immunohistochemistry. For western blots, monoclonal antibody binding was detected with an IR-Dye 800-conjugated donkey anti-rat IgG (Li-Cor, 1:2000). For immunofluorescence studies, tissues frozen in OCT were sectioned and fixed in cold methanol for 10 min. Staining for lamin A/C (goat, 1:500, Santa Cruz Biotechnology) and prelamin A (7G11, 1:50) was performed as described earlier.
Electron microscopy
Cells were fixed in 2% glutaraldehyde, 2% PFA in 0.1 M sodium cacodylate buffer and washed. After incubating for 1 h in PBS containing 1% osmium tetroxide, the cells were dehydrated in a graded series of ethanol, treated with propylene oxide and embedded in Eponate 12 (Ted Pella). Thick sections (60 -70 nm) were cut on a Reichert-Jung Ultracut E ultramicrotome and picked up on formvar-coated copper grids. The sections were stained with uranyl acetate and Reynolds lead citrate and examined on a JEOL 100CX electron microscope at 80 kV.
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